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Introduct ion 

Most recent ly ,  we have been ab le  t o  use t h e  technique of  e l e c t r o n  s p i n  resonance 
(ESR) (1,2) t o  e luc ida te  t h e  s t r u c t u r e  of na t ive  bitumens and have been able t o  
r e c $ a s s w  t h e  n a t u r a l  bitumens according t o  t h e  d i f f e r e n c e s  i n  s t r u c t u r e .  The 
present  work represents  a por t ion  of t h e  continuous e f f o r t  toward t h e  c o r r e l a t i o n  
of s t r u c t u r a l  features with t h e  chemical and physical  p roper t ies  of these  n a t u r a l l y  
occurring macromolecules. 

X-ray d i f f r a c t i o n  (3.4). graphic densimetr ic  methods (5.6). mass spectrometry 
(7.8,9), and ESil (9,10,11) have been used t o  show t h a t  n a t u r a l l y  occurr ing bitumens 
contain l a r g e ,  fused-ring aromatic systems associated i n  s tacked ar rays .  Generally, 
these a roxa t ic  systems c o n s i s t  of 2-dirr.ensional d i s c - l i k e  planes,  having a layer  
diameter ranging from 8.5-15.0 A. These measurements correspond t o  t h e  s i z e s  o f  
peri-condensed polynuclear aromatic hydrocarbons (PLH) of approxiniatgly 7-18 r ing  
systems. Carbon chains assuming a zig-zag configurat ion 2re s u b s t i t u t e d  on t h e  
edges of these  ind iv idua l  plgnar  d i s c s  i n  such a manner as t o  resemble those of 
paracyclophane molecules. These d i s c s  a r e  associated i n  c r y s t a l l i t e s  consis t i r ,g  
of 5 or 6 l a y e r s  i n  a s tack with i n t e r l a y e r  d i s tances  varying from 3.4-3.7 A. These 
graphi te- l ike c q - s t a l l i t e s  a r e  randomly d i s t r i b u t e d  (although or ien ted  ) over a 
continuous mesomorphic media which contains  both naphthenic and a l i p h a t i c  s t r u c t u r e s  
(4.7). 

Most of t h e  molecules i n  the  asphal tene f r a c t i o n s  of  bitumens are a lkyl -  
subs t i tu ted  polycarbocyclic hydrocarbons (17). 
most of its nolecules contain he te rocycl ic  systems and e x h i b i t  p o l a r i t y  due t o  
func t iona l  subs t i tuents  (8.14).  
of these heteroaromatics is 
(k). 
compounds bearing d i f f e r e n t  func t iona l  groups. These ind iv idua l  components possess 
verying degrees of charge- t ransfer  a b i l i t y  depending upon t h e i r  r e l a t i v e  donor or 
acceptor a b i l i t i e s .  

Ls t o  the  r e s i n  o r  maltene f r a c t i o n ,  

Among t h e  most f requent ly  occurr ing and t y p i c a l  

Hence, bitumens cgn be considered a s  being Composed of polycycl ic  aromatic 
t h e  petroporphyrin (IS), an 18-diaza-annulene s3stem 

For a s p h a l t i c s ,  it has been poss ib le  t o  i c t e r c a l a t e  (16) a known acceptor  such 
a s  iodine between the  l a y e r s  of a lkyl -subs t i tu ted  polyaromatic systems which behave 
a s  donors. 
increases  from ?.5 A t o  8.7 i., corresponding t o  the  separa t ion  formed from t h e  
i n s e r t i o n  of an a x i a l l y  i n t e r c a l z t e d  iodine molecule (4x1 .?3 A ) .  
supporting t h i s  observation includes the  occurrence of t h e  1080 cm-' in f ra red  donor- 
acceptor  band, the  increase  i n  s p i n  concentrat ion of t h e  iodine a s p h a l t i c  complex 
and lowering of r e s i s t i v i t y  and gap energy i n  e l e c t r i c a l  measurements. 

Experimentally, the  i n t e r l a y e r  d i s tance  of an iod ine  a s p h a l t i c  complex 

0 her  evidence 

Up t o  the  present ,  l i t t l e  work on t h e  charge-t ransfer  p r o p e r t i e s  of b j t m e n s  
has been published. 
zttempt a t  using inf ra red  methods t o  s tudy  t h e  charge-transfer c h a r a c t e r i s t i c s  of 
t h e  polyaromatic molecules and t o  r e v e a l  t h e  nature  of t h e i r  a s s o c i a t i o n  wi th in  
t h e  bitumens. 

This inves t iga t ion  represents  t h e  f i rs t  reported experimental 



&per i m e  n t  a 1  

' The asphaltene and resin f r a c t i o n s  of bitumens were prepared by t h e  conventional 
pentane/propane p r e c i p i t a t i o n  method descr ibed  i n  an e a r l i e r  paper (3). 

The donor-acceptor complexes were made by d i s so lv ing  t h e  donor and the  acceptor 

The r eac t ion  mixture was allowed t o  s tand  a t  room tempera- 
i n  bo i l ing  benzene; t h e  molar ra t io  of acceptor  t o  donor w & s ,  i n  a l l  cases, 1 or 
s l i g h t l y  g rea t e r  than 1. 
t u r e  f o r  24Jc8 hours t o  permi t  t h e  separa t ion  of a s o l i d .  The product was then  
i s o l a t e d ,  thoroughly washed wi th  benzene and i ts  melting po in t  determined and 
checked with a l i t e r a t u r e  va lue  when ava i l ab le .  The spec t r a  were obtained with a 
Eeckman IR-12 double beam instrument.  For s o l i d  phase measurements, filrrs, N U J O ~  
mulls,  and potassium bromide pellets were prepared i n  t h e  conventional fashion. 
Se t s  of matched c e l l s  of f i x e d  th icknesses  were used, f o r  so lu t ion  determinations,  
and, a t  the concentrations employed (0.50-0.25 g/ml), measurements w e r e  cons is ten t  
wi th  Beer's Law. High o r  in te rmedia te  r e so lu t ion  s e t t i n g s  were used for scanning. 
The estimated e r ro r  i n  t h e  wavenumber based on repeated scans was 21 cm-l. 

Resul t s  

When bitumens a r e  examined i n  t h e  1,000-625 cm-l region (10 -16~) .  fou r  bands 
loca ted  a t  approximately 865, 815. 760, and 730 cm-I are observed. Examples of 
such spec t r a  a r e  shown i n  F ig .  1 and a r e  represented by a v isbreaker  t a r ,  two 
asphaltene f r a c t i o n s ,  and one r e s i n  f r ac t ion .  These observations aye  genera l ly  
unique t o  t h e  na tura l ly  occurr ing  o r  a l t e r e d  bitumens (17).  
correspond c lose ly  t o  those  f o r  aromatic C-H out-of-plane bending v ib ra t ions  
( i s o l a t e d ,  2- and :-adJ cen t  C-H bonds), whereas t h e  f o u r t h  band, occurring a t  a 
shoulder  z t  771-720 cm- , appears t o  be due t o  in-plane methylene rocking v ib ra t ions  
(18) of pa ra f f in i c  nature.  

The first th ree  bands 

P 

Table I 

( r - 1 )  /(2e+l) -L Number of, Bands 
( cm-' ] 

874 816 753 724 
u121mu 

( r - 1 )  /(2e+l) -L Number of Bands 
(cm-l) u m m u  

874 816 753 724 

fi- 

Film 
n-Hexane 873 815 752 ---4 

Carbon d i s u l f i d e  873 816 755 725 
1 -1ododecane 876 816 --- --- 
Chloroform 881 --- --- --- 
n-Heptyl ace t a t e  --- --- 767 --- 
Methyl i od ide  --- --- 760 --- 
Benzoni t r i le  880 823 --- --- 

1.925 
2.641 
3.93** 
4.806 
4.81** 
7 

25 -58 

0.17 
0.26 
0 033 
0.36 
0.36 
0 -40 
0.49 

*Dashed l i n e  represents  dead regions.  
**Approximated values from homologous series. 

The r e s u l t s  summarized in Table I show the  e f f e c t  of the  d i e l e c t r i c  constant 

The 
of so lvents  on the  pos i t i ons  of t h e  f o u r  bands a s  compared with the  re ference  
spectrum f o r  t h e  s o l i d  phase (without so lvent )  f o r  2 bitumen r e s i n  f r a c t i o n .  
sample was d i f f e r e n t i a l l y  scanned i n  the  presence o f  seven so lvents  of varying 
degrees of po la r i ty :  n-hexane, carbon d i s u l f i d e ,  1-iododecane, chloroform, n- 
hepty l  a c e t a t e ,  methyl iod ide ,  and benzon i t r i l e .  When cornpared t o  t h e  spectrum 
of a s o l i d  por t ion  of t h i s  sample, s h i f t s  toward t h e  b lue  were observed f o r  t h e  
f i r s t  t h r e e  bands; t h e s e  r ep resen t  t h e  aromatic C-I1 bending v i b r a t i o n  ( i n  t h i s  region, 
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t he re  i s  no absorc t ion  by t h e  so lvents ) .  No s i g n i f i c a n t  displacement was observed 
f o r  t h e  fou r th  Sand (methylene rocking). Spectra obtained i n  t h i s  manner were ex- 
emplified by 1-iododecine, as shown i n  Fig. 2. The s h i f t  of t h e  f i r s t  t h ree  bands 
becomes l a r g e r  as the  d i e l e c t r i c  constant of t h e  polar medium increases .  

The ex ten t  of t he  s h i f t  becomes more s t r i k i n g  when the  sample is allowed t o  
r e i c t  wi th  complexihg reegents such a s  n i t ro -  o r  c:. ano-bearing acceptors  ( p i c r i c  
ac id ,  s - t r in i t robenzene ,  p- o r  m-dinitrobenzene, tetracyanoethylene) . Since t h e  
comcosite aromatic syster.  i n  bitumens does not form well-defined complexes, a 
simple tecknique hai t o  be ,devised  f o r  forming t h e  donor-acceptor cherge-transfer 
complex i n  s i t u .  
acceptor i n  a so lvent  and scanning the  r e s u l t i n g  s o l u t i o n  a g a i n s t  t h e  pure acceptor 
i n  t h e  same so lvent .  This procedure was t e s t ed  with perylene and s - t r in i t robenzene  
i n  a nitrobenzene-carbon d i s u l f i d e  s o l u t i o n  and shown t o  y i e l d  peaks i d e n t i c a l  i n  
pos i t ion  t o  those found wi th  t h e  h j o l  mull scan  of t h e  s o l i d  corn lex of perylene- 
s - t r in i t robenzene  as shown i n  Fig.  'i (772 cm-l i n s t ead  of 773 cm-' from t h e  s o l i d  
sample; 816 cm-I ins te2a  of 821 cm-I from the  s o l i d  sample). 

This was accomplished by adding t h e  donor t o  a n  excess  of t h e  

I n  t h i s  fashion, it w a s  poss ib le  t o  obta in  s a t i s f a c t o r y  spec t r a  f o r  d i f f e r e n t  
f r ac t ions  of bitumens. Fig. 4 summarizes the  r e s u l t s  of t hese  s p e c t r a . f o r  t h r e e  
d i f f e r e n t  complexing media (5% tetracyanoethylene i n  benzon i t r i l e ;  2.5% s - t r i n i t r o -  
benzene i n  1:lO nitrobenzene-carbon d i s u l f i d e ;  2.5% m-dinitrobenzene i n  1:lO n i t ro -  
benzene-carbon d i s u l f i d e )  and one non-complexing so lven t  (methyl i od ide ) .  
s h i f t  p a t t e r n  was a l s o  observed f o r  a Wafra a s p h d t e n e  i n  t h r e e  d i f f e r e n t  media 
(Fig. 5 ) .  
broader. 
of so lvent  absorption in t e r f e rences ) .  

X similar 

The s h i f t s  were as a n t i c i p t t e d .  although, however, t h e  bands became 
The dashed l i n e  i n  Fig. 2 represents t h e  "dezd region" of t he  media ( reg ion  

?, 

1 

', Texas (1) 
i Resin (2) 

(3) 
(4) 

aes in  (1) 

I 

I Band 
I Sample Number 

West 

Baxterv i l le  

, iiaudhatain 
1 Asphaltene (1) 
I (2) 

(3 ) 
(4)  

So l id  
Matrix 

874 
816 
753 
724 

870 
812 
75 0 
725 

866 
81 7 
75 7 
73 2 

1. Nitrobenzene 
1 2. Tetracyanoethylene 

3 .  s-Trinitrobenzsne 
1.;. m-Xnitrobenzene 7 5. p-Xnitrobenzene 

\ 6. P i c r i c  ac id  

\ 

Table I1 

2.5$< 2.5$@ 2.5$, 2.5$ 
s-.TXE- m-DNE p-DNEjJ PA 
i n  N02& i n  N026- i n  N024- i n  NO2& 

5% TCE2 carbon carbon carbon czrbon 
i n  benzo- d isu l i ' ide  d i s u l f i d e  d i su l f ide  disuli ' ide 
n i t r i l e  I1:lo) l1 : lo )  ( I : I O ~  (I:IO) 
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i Frac t ions  of o ther  bitumens gave similar r e s u l t s  as indicated i n  Table 11. 
displacement f o r  t h e  f i r s t  t h r e e  bands was 10-15 crn-l, while t h a t  f o r  the f o u r t h  band 
was only 2-3 cm-l. 
is of the  same order  of magnitude a s  observed f o r  those of pure ?AH (18.15). 
example is provided by t h e  perylene-s-trinitrobenzene complex a s  shown i n  Fig. 
C-H bending of perylene s h i f t e d  toward t h e  blue from 767 cm-' (3-7 ) t o  733 cm 
On t h e  o ther  hand, t h e  C-H bending of the acceptor ,  s- t r ini t robenzene s h i f t e d  toward 
t h e  red from 922 cm-' (1-7 ) t o  909 cm-'. 

The 

The e x t e n t  of t h e  s h i f t  of aromatic C-H bending v ibra t ion  bands 
h e  such 

The 
1 

-? . 

Discussion i 
The polyaromatic systems within the  bituminous s t r u c t u r e s  undergo charge-transfer 1 

processes readi ly .  I n  t h e  presence of a known acceptor ,  the  aromatic system usua l ly  
behaves as a donor; this is due t o  t h e  f a c t  t h a t  a s p h a l t i c  molecules bear  numerous 
s h o r t  a l k y l  chains such a s  methyl or e t h y l  groups (13).  which a r e  known t o  be e lec t ron  
re leas ing .  Associs t ion due t o  the x - x  overlap usua l ly  occurs when t h e r e  is  a charge- 
t r a n s f e r  from a x-donor t o  a %acceptor. Charge-transfer may occur t o  varying de- 
grees ,  t h e  extreme case being the  formation of two separa te  ions.  1 

The frequency s h i f t  of a n  absorpt ion band a r i s i n g  from a substance i n  so lu t ion  
can normally be predicted by t h e  Kirkwood-Bauer-Magat (kBM) rule, which s t a t e s  t h a t  
t h e  s h i f t ,  - ~ p / p ,  propor t iona l  t o  (n2-1)/(2n2+1), (~-1) / . (2c+l)  where n is the : re f rac t ive  
index and E is the d i e l e c t r i c  constant  of t h e  solvent .  I n  t h i s  manner, a red s h i f t  
is expected, s ince  both n and c a r e  grea te r  than uni ty .  
on t h e  concept of non-localized i n t e r a c t i o n s  between a simple o s c i l l a t i n g  dipole  
( s o l u t e )  and an e l e c t r i c  f i e l d  w i t h i n  a s p h e r i c a l  cav i ty ,  i n  a continuous d i e l e c t r i c  
( so lvent ) .  
t h z t  the  aromatic C-H bending bands of aromatics i n  polar  solvents  are s h i f t e d  i n  a 
d i r e c t i o n  opposite t o  t h a t  predicted by t h e  KBM r e l a t i o n .  
blue s h i f t  data  on t h e  basis of loca l ized  e l e c t r o s t a t i c  i n t e r a c t i o n .  The observations 
of t h e  blue s h i f t s  reported i n  Table I a r e  i n  agreement with those of Kienitz and 
La Lau and a r e  a l s o  c o n s i s t e n t  with the  results obtained from pure ?AH inves t iga t ions  
(18).  Localized i n t e r a c t i o n s  i n  a given charge-t ransfer  process,  involving x-z 
systems. a r e  t o  be a n t i c i p a t e d .  

The KEE'l r e l a t i o n  was based 

On the  o ther  hand, Kieni tz  (20) and La Lau (21) have independently found 

They have explained t h e i r  

Hence, t h e  s t r o n g  e f f e c t  of the  frequency s h i f t  i n  t h e  case of complexing media 

The energy f o r  t h e  donor-acceptor charge- 
i n  Fig. 2 can be explained on t h e  b a s i s  of  an even s t ronger  l o c a l i z e d  i n t e r a c t i o n  
between t h e  donor and acceptor  molecules. 
t r a n s f e r  process usua l ly  c o n s i s t s  of t h e  i o n i z a t i o n  p o t e n t i a l  of t h e  donor and the 
e l e c t r o n  a f f i n i t y  of t h e  acceptor ;  i n  terms of t h e  molecular o r b i t a l  theory (KO). 
t h e  energy may be expressed as t h e  d i f fe rence  between t h a t  of t h e  h ighes t ,  f i l l e d  

MO of t h e  donor and t h e  lowest ,  f i l l e d  KO of the  acceptor.  The blue 
s h i f t  for  t h e  donor and t h e  red s h i f t  f o r  t h e  acceptor  have been found f o r  PAH (19). 
For a given acceptor ,  t h e  frequency s h i f t s  of t h e  donors a r e  proport ional  t o  t h e i r  
molecular o r b i t a l  m-values. 
assoc ia ted  with a p a r t i a l  removal of e lec t rons  from t h e  bonding o r b i t a l s  of the donor 
t o  the  antibonding o r b i t a l s  of t h e  acceptor ,  t h e  change i n  v e r t i c a l  energy not  only 
a f f e c t s  t h e  e x t i n c t i o n  c o e f f i c i e n t  of a v i b r a t i o n a l  band, b u t  a l s o  inf luences t h e  
force  constant  of c e r t a i n  modes. 

Presumably, i n  a charge-transfer  process which is  

The polyaromatic systems i n  bitumens c o n s i s t  of a lkyl-subst i tuted polynuclear 
aromatics,  % - d e f i c i e n t  heteroaromatics ,  *-excessive heteroaromztics and, e lec t ro-  
neca t ive ly  s u b s t i t u t e d  aromatics ,  e t c .  
v i sua l ized  a s  a c lose  approach of two d i f f e r e n t  aromatic systems; f o r  example, 
d e f i c i e n t  and It is y e t  possible  t h a t  there  
are assoc ia t ions  between molecules of the  same type e.g., the  f u l l y  a lkyl-subst i tuted 
arom?tics and the  less a lkyl -subs t i tu ted  aromatics.  This type of w-w assoc ia t ion  

The assoc ia t ion  of polyaromatics can be 
7- 

7-excessive heteroaromatic molecules. 

/I 
I 

I 

i 
I 

I 
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is t h e  cause of s t ack  formation i n  bitumens as observed by x-ray d i f f r a c t i o n ,  both 
i n  high ?ngle (4) and i n  low angle (22) ranges. 

In  general ,  molecular i n t e r a c t i o n  i s  favored by t h e  c lose  proximity of o rde r ly  
p c k e d  rod- o r  disc-shaped molecules. 
optimum in t e rac t ion  is achieved when t h e  molecules a r e  i n  stacked p o s i t i o n s  so t h a t  

moiety i n  paraq-clophsneshsving s h o r t  fo ld ing  polymeth,ylene b r idges ,  and f o r  i s o t a c t i c  
polgstyrenes is  achieved through the  in t e rannu la r  i n t e r a c t i o n s  of 
t h a t  the  f l e x i b i l i t y  of t he  polymethylene chains is i n h i b i t e d ,  e.g., 31-helix.  

For mononuclear homocyclic zromatics (benzenes), 
1 
' 
, 

. t h e  charge clouds can be superimposed. The l aye r - l i ke  conf igura t ion  of t h e  aromatic 

n-electrons such 

I 

Since porphyrins a r e  present  i n  t h e  composites of bitumens (141, a study of t h e  
7 nature of metalloporphyrins occurring i n  bitumens (11 ,Z3,24,25) could probe t h e  nature 

of assoc ia t ion  smong various aromatic moiecules wi th in  bitumens. By b5R methods, t h e  
temperature dependence of t he  anisotrophy of t:le vanadium hyperline s t ruc tu res  i n  
d i f f e r e n t  po lar  media r e s u l t s  i n  a d i s soc ia t ion  energy of approximately 10-14 kcsll (26) .  
2Similarlg., d i s soc ia t ion  energy of the  vanad51 s t r e t c h i n g  mode is  about 17 hca l  (27).  
This order  oi d i s soc ia t ion  energy is  a measure of t h e  ex ten t  of a s soc ia t ion  of t he  
porphyrin ( f r ee )  with o the r  poljjaromatlc systems ( f ixed  o r  bound) i n  bitumens. Very 
r ecen t ly ,  t h e  observation of n i t rogen  superhyperfine s t r u c t u r e s  of vanadium che la t e s  
i n  bitumens a l s o  suggest t h e  presence o f  t h i s  type of a s soc ia t ion  behavior (12 ) .  
I n  order  t o  sepa ra t e  vanzdyl porphjirin from polyaromatic molecules i n  bitumens. both 
elevated temperature and a polar  so lvent  a r e  requi red  (28,291. 

, " 

1 

1 

Xany c o l l o i d a l  c h a r a c t e r i s t l c s  of bitumens such as i t s  gel-sol conversion. 
temperature coe f f i c i en t  of v i s c o s i t y ,  complex flow, and mice l l e  s t a b i l i t y ,  e t c .  may 
be explained on the cas i s  of t h e  charge-transfer na ture  of i nd iv idua l  aromatic systems 

' throughout the  ma-rostructure (30,:l). Consequently, t h e  i n t e r -  and in t r a -c lus t e r  
> assoc ia t ions  not only a f f e c t  processing, treatT.ent,  and r e f i n i n g ,  b u t  are a l s o  r e l e -  

, bituminous mater ia l s  (32). 

7, &.chowledgerrent 

vant t o  the  proklem concerning pollution. recovery. geochemistry, and genesis of a l l  

I 
{ 

\ 
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